Abstract: Approximately 30%-50% of colorectal cancers (CRCs) harbor the somatic mutated KRAS gene. KRAS G12V, one of the most common KRAS mutations in CRCs, is linked to increased tumor aggressiveness, less response to anti-epidermal growth factor receptor (EGFR) therapy, and poor survival rate. In this study, we sought to determine whether resistance to EGFR inhibitors in colorectal cancer cells harboring KRAS G12V mutation is associated with hypoxia. Our data indicated that HIF-1α was induced by KRAS G12V signaling at transcription level. Hypoxia or HIF-1α overexpression could increase KRAS G12V activity. Therefore, a positive feedback between hypoxia and KRAS G12V activation was formed. Cetuximab, an EGFR inhibitor, which has a minor effect on KRAS-mutant CRCs, could effectively inhibit the proliferation of CRC cells harboring KRAS G12V mutation when combined with HIF-1α inhibitor PX-478. Our data indicated that hypoxia was involved in resistance to anti-EGFR therapy, and a combination therapy might be necessary for CRC patients with KRAS mutation.
Introduction
Colorectal cancer (CRC) is one of the most common cancers in developed countries. Mortality rates of CRC declined by ~3% during the past decade due to improvement in treatments. 1, 2 The epidermal growth factor receptor (EGFR) signaling pathway, which regulates cell differentiation, proliferation, migration, angiogenesis, and apoptosis, becomes deregulated frequently in colorectal-cancer cells. 3 Upregulation of the EGFR gene is associated with poor survival. Thus, the application of the EGFR-targeted monoclonal antibodies, such as cetuximab and panitumumab, has been indicated for individualized treatment of metastatic CRCs. [4] [5] [6] Several studies have demonstrated that oncogenic mutations of KRAS, a downstream signaling effector of EGFR, are associated with the effectiveness of these drugs. 7, 8 KRAS mutations are present in approximately 30%-50% of CRC patients. About 80% of KRAS mutations are found in codon 12 and 15% in codon 13, with the most common mutations being G12D, G12A, G12R, G12C, G12S, G12V, and G13D. 9, 10 These mutations result in accumulation of GTP-bound KRAS, a constitutive active form, due to impairment of intrinsic GTPase of KRAS. Cells harboring KRAS G12V are reported to have high oncogenic potential and are more aggressive than those harboring other KRAS mutations. 11 Patients with KRAS-mutant tumors rarely benefit from anti-EGFR therapy. Recent studies have shown that cells carrying different KRAS mutations responded differently to cetuximab treatment. 12 The proliferation of cancer cells harboring KRAS G13D mutation could be inhibited by cetuximab while little inhibitory effect was observed on cells with KRAS G12V mutation.
Materials and methods reagents
pBabe-puro plasmid was purchased from Addgene (Cambridge, MA, USA); antibodies for phospho-AKT, AKT, phosphor-ERK, ERK, and RAS-GTP were from Abcam plc. (Cambridge, MA, USA); and rabbit anti-actin, anti-HIF-1α, and anti-KRAS were from Cell Signaling Technology (Beverly, MA, USA). Real-time polymerase chain reaction (PCR) primers for HIF-1α, KRAS, and actin were purchased from Gene Copoeia Inc. (Beijing, People's Republic of China). Cetuximab and PX-478 were from Merck Serono (Darmstadt, Germany). siRNA against KRAS 3′-UTR was designed using an online tool on the Invitrogen website. The sequences are as follows: si-1: CGAGTGGTTGTACGATGCATTGGTT; si-2: GGGTGGTGGTGTGCCAAGACATTAA.
cell culture and transfection
Colon cancer cell lines HCT116, Colo205, SW480, HT29, and Caco-2 were obtained from the Cell center in Peking Union Medical College. The cells were cultured in Dulbecco's Modified Eagle's Medium (Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum, supplemented with penicillin/streptomycin and 2 mM glutamine. All cells were kept in a humidified 5% CO 2 incubator at 37°C. For hypoxic conditions, cells were cultured in 1% O 2 , 5% CO 2 , and 94% N 2 at 37°C.
Lentiviruses for pBabe-puro, pBabe-puro-wild-type KRAS, and pBabe-puro-KRAS G12V were prepared as described. 33 Briefly, 1.5 μg of plasmids of interest and 1.5 μg of packing plasmids (pCMV delta 89 and VSVG) were transfected into 293 T-cells in a six-well plate. Viruses were collected at 48 hours and 72 hours after transfection. CaCo2 or HT29 cells were seeded in a six-well plate until 80% confluent and then were infected with pBabe-puro, pBabepuro-wild-type KRAS, and pBabe-puro-KRAS G12V lentiviruses, followed by 5 μg/mL puromycin selection. Stable cell lines were confirmed by examining KRAS expression by Western blot.
Western blot
Cell lysates were harvested at indicated conditions using Laemmli lysis buffer. Samples were boiled and separated by SDS gel electrophoresis and then were transferred to PVDF membranes. Membranes were blocked with 5% nonfat milk in TBS-T (0.1% Tween 20) at room temperature for 1 hour and incubated with primary antibodies (1:1,000 dilution) at 4°C overnight. After incubation with secondary antibody (1:3,000 dilution) at room temperature for 1 hour, the membranes were then subjected to development with chemiluminescence ECL reagent (LumiGold™; SignaGen Laboratories, Rockville, MD, USA).
cell proliferation assay (MTT)
Cell-proliferation assays were performed using Thiazolyl Blue Tetrazolium Bromide (MTT) methods. Cells were seeded in 96-well plates at a density of 5×10 3 cells per well. Cetuximab or PX-478 was added to cells 12 hours after being seeded. Absorbance values were measured at 12, 24, 48, and 72 hours in a microplate reader.
real-time Pcr assay
RNA was prepared using Trizol reagent (Thermo Fisher Scientific) according to instructions and quantitative reverse transcription-PCR was performed using the QuantiTect SYBR Green PCR (Qiagen NV, Venlo, the Netherlands). HIF-1α and KRAS mRNA level were determined using corresponding primers with β-actin served as a loading control.
colony formation assay SW480 cells were treated respectively with control, cetuximab, PX-478, and cetuximab plus PX-478 for 8 hours. Cells were counted and seeded to six-well plates, with a density of 200 cells per well. After 15 days when there were visible colonies, cells were fixed with ice-cold methanol for 10 minutes. Methanol was aspirated from the plates and enough 0.5% crystal violet solution (made in 25% methanol and stored at room temperature) was added to cover bottom of the plates. Incubation occurred at room temperature for 10 minutes. Crystal violet solution was poured off and the plates were carefully rinsed in double-distilled H 2 O until color no longer came off during rinsing. Plates were allowed to dry at room temperature (overnight) and then colonies were counted.
immunohistochemistry
Clinical CRC samples were obtained from Beijing Chao-yang Hospital, Beijing, People's Republic of China. KRAS genotype was determined by Capital Medical University, Beijing, People's Republic of China. Samples with wild-type KRAS and KRAS G12V mutation were fixed with 4% paraformaldehyde, embedded in paraffin, and then affixed onto the slides. The slides were stained with HIF-1α antibody according to online protocol from the Abcam company website (http:// www.abcam.com/ps/pdf/protocols/ihc_p.pdf).
Results

induction of hiF-1α by Kras g12V signaling in colon cancer cells
HIF-1α, the most well established form of hypoxia inducible factor, is expressed in all human cells and plays an essential role in mediating hypoxia response. HIF-1α can be regulated at both protein and transcriptional levels. 20 To investigate whether hypoxia is involved in drug resistance in CRCs harboring KRAS G12V, we first compared HIF-1α protein level among five CRC cell lines, including three KRAS wild-type cell lines (HT29, CaCo2, and Colo205), one KRAS G13D mutant cell line (HCT116), and one KRAS G12V mutant cell line (SW480). As shown in Figure 1A , a higher level of HIF-1α was detected in KRAS G12V mutant cells (SW480), indicating that KRAS G12V signaling might be able to induce HIF-1α expression. To confirm this result, we overexpressed KRAS G12V in HT29 and CaCo2 cells and found HIF-1α protein increased ( Figure 1B ). We then examined mRNA level by real-time PCR and found that HIF-1α was upregulated by KRAS G12V signaling at transcriptional level ( Figure 1B ). We also analyzed the most important two signaling pathways downstream of RAS, the PI3K/AKT and MAPK pathways. Both pAKT and pERK MAPK signaling were activated moderately by KRAS G12V overexpression as indicated by increased pAKT and pERK levels ( Figure 1C ).
Since both HT29 and CaCo2 cells harbor wild-type KRAS, to exclude the effect of this endogenous KRAS, two siRNAs targeting 3'-UTR of KRAS were introduced into HT29 cells. Then we overexpressed wild-type KRAS and KRAS G12V individually in these KRAS-knockdown cells. While there was a slight increase of HIF-1α level in wild-type-KRAS-overexpressed cells, a significant increase was found in KRAS G12V-overexpressed cells ( Figure 1D ). Furthermore, we utilized the SW480 cell, which is homozygous KRAS G12V-mutated, to validate our results. When KRAS G12V was knocked down in SW480 cells, HIF-1α was downregulated at both the protein and mRNA level ( Figure 1E ). These data suggested hypoxia played an important role in the pathophysiology of KRAS G12V-expressing cancers.
Positive feedback regulation between hiF-1α and Kras activation
As a small GTPase, KRAS exists in two forms, the active GTP-bound form and the inactive GDP-bound form. Transition between these two activation states can be regulated by several upstream signals. Here, we intended to see whether hypoxia, which often accompanies cancer progression, would affect KRAS activity. HT29 and CaCo2 cells with KRAS G12V expression were cultured in hypoxic conditions (1% O 2 ) or normoxic conditions. Compared with normal culture conditions, hypoxia induced elevation of GTP-bound RAS as detected by Western blot using a RAS-GTP specific antibody (Figure 2A ). To provide further proof that KRAS signaling was activated by hypoxia, we checked pAKT and pERK in these cells. As indicated in Figure 2A , both pAKT and pERK level were upregulated in cells that underwent hypoxia. We then overexpressed HIF-1α in cells harboring KRAS G12V to see if HIF-1α mediated this signal activation. GTP-bound RAS, as well as the levels of its corresponding signal effectors pAKT and pERK, were all upregulated by HIF-1α expression ( Figure 2B ). Together, these results indicated that KRAS G12V signaling in CRC cells induced HIF-1α expression and, in turn, hypoxia or HIF-1α overexpression activated KRAS signaling to favor cancer development. 
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Wang et al harboring KRAS-activating mutations. 21, 22 The mechanism of resistance to cetuximab is currently not clear. Based on our results that hypoxia is involved in KRAS signaling regulation, we sought to determine whether hypoxia would affect drug resistance in KRAS G12V mutant cancer cells. Control and KRAS G12V-overexpressed CaCo2 cells were treated with cetuximab for 24 hours, then cell lysates were prepared for Western blot analysis. HIF-1α protein level was reduced by cetuximab treatment in KRAS wild-type cells but remained the same in cells harboring KRAS G12V mutation ( Figure 3A) . Consistent with this, in SW480 cells, cetuximab treatment did not decrease HIF-1α protein level ( Figure 3A) . The different presentation of HIF-1α after cetuximab treatment between KRAS wild-type cells and cells harboring KRAS G12V mutation strongly suggested that hypoxia might be involved in resistance to anti-EGFR therapy.
hiF-1α inhibitor sensitized Kras g12V crc cells to cetuximab treatment 
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Kras and hiF-1α confer drug resistance in colorectal cancer (2-chloroethyl)amino]-phenyl propionic acid N-oxide dihydrochloride), a HIF-1α inhibitor, has been shown to induce tumor cell apoptosis and decrease cell proliferation. 23 One study suggested that PX-478 could enhance radiosensitivity of prostate carcinoma cells. 24 Here, we examined the inhibition of PX-478 on the proliferation of CRC cells harboring KRAS G12V mutation. We found that PX-478 alone had a slight inhibitory effect while a significant inhibitory effect was found when using in combination with cetuximab ( Figure 3C ). We then examined HIF-1α expression by Western blot and found that combination treatment with cetuximab and PX-478 reduced HIF-1α level dramatically ( Figure 3C ). To further confirm these results, we knocked down HIF-1α in SW480 cells and then examined the effect of cetuximab on SW480 cell proliferation. As expected, resistance to cetuximab was observed in control SW480 cells while HIF-1α knockdown sensitized the cells to cetuximab treatment, as indicated in Figure 3D . We then tried to see if hypoxia could render cetuximabsensitive cells resistant to cetuximab. CaCo2 cells were cultured under normoxia or hypoxia conditions for 24 hours before being treated with cetuximab. Proliferation rate was examined and we found that hypoxia promoted CaCo2 cell proliferation, and cells under hypoxic conditions were less responsive to cetuximab compared with those under normoxia ( Figure 3E ). All of these data illustrated that hypoxia played an important role in resistance to Cetuximab in KRAS G12V cells.
combination of hiF-1α inhibitor and anti-egFr therapy effectively inhibits the reproductive ability of crc cells
To see if the regulation between KRAS G12V and HIF-1α was true in vivo, we collected colon-cancer patient samples for immunohistochemistry assay. Compared with patients carrying wild-type KRAS, the samples from patients with KRAS G12V had a much higher level of HIF-1α staining ( Figure 4A ). This result strongly indicated that CRC patients carrying KRAS G12V mutation might benefit from combination treatment with cetuximab and HIF-1α inhibitors. To see a long-term effect of combination cetuximab and PX-478, we performed colony formation assay. SW480 cells were treated with cetuximab, PX-478, or cetuximab together with PX-478. After 8 hours of treatment, cells were seeded in a six-well plate for colony formation assay. The colonies formed were counted and pictured 15 days later. Although the cells were resistant to cetuximab or PX-478 treatment individually, they were sensitive to the combination of cetuximab and PX-478 ( Figure 4B ). These data suggest that combination of HIF-1α inhibitor and EGFR inhibitor might be necessary for patients carrying KRAS G12V mutation.
Discussion
KRAS, a member of the RAS superfamily, is a plasma membrane-anchored GTP-/GDP-binding protein and is expressed in most human cells. Normally, KRAS switches α α α α Figure 2 hypoxia activates ras and its downstream signaling. Notes: (A) Both hT29 and caco2 cells were cultured in n or h conditions for 24 hours, and then cell lysates were collected to examine gTP-bound ras, paKT, and pERK levels using corresponding specific antibodies. (B) hT29 and caco2 cells were transfected with v or h1α expression plasmids. Forty-eight hours after transfection, cell lysates were collected to detect hiF-1α, ras-gTP, paKT, and perK. Abbreviations: h, hypoxic; h1α, hiF-1α; n, normoxic; v, control.
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Wang et al between the active, GTP-bound state and the inactive, GDPbound state in response to upstream signals. 25 KRAS mutations are usually point mutations that result in activation of downstream signaling pathways. 26 EGFR is found to be an important player in CRC initiation and progression and has therefore become a key therapeutic target to treat CRC patients. KRAS is involved in several intracellular signal transductions but is mainly responsible for EGFR signaling. 27 Thus, activating KRAS mutations have been recognized as a strong predictor of resistance to anti-EGFR therapy. However, the mechanisms involved remain largely unknown. Finding out the biomarkers for prediction of EGFR-targeted therapy in CRC would have great significance for treatment decisions and clinical outcome. In this study, we designed experiments to see whether cancer hypoxia microenvironment affected resistance to EGFR inhibitors in KRAS G12V-mutant cells. We found that KRAS G12V signaling in colon cancer cell lines increases HIF-1α at transcription level. Moreover, HIF-1α or hypoxic condition could in turn upregulate KRAS activity and activation of its downstream signaling. Thus, a positive feedback regulation between KRAS activation and hypoxia is formed. We speculated that these two signals worked together to promote cell proliferation and enable cancer cells to escape from EGFR-inhibitor treatment. One study showed that hypoxic conditions could increase the activity of wild-type KRAS but not that of mutant KRAS. In our case, both HIF-1α expression and hypoxic conditions led to increased activation of KRAS G12V mutant as indicated by more presence of GTP-KRAS. The different conclusions that we obtained are probably due to the cells being treated with hypoxia for different times. In our study, we incubated cells under hypoxic conditions for at least 24 hours while in the other study incubation was for 4 hours. 28 The increase of KRAS G12V activity by hypoxia might be an adapted process in which a certain time period was required.
Activation of EGFR downstream signals, such as MAPK, PI3K/AKT pathway, and the Jak2/STAT3 pathway, 29 lead to induction of HIF-1α. Expressions of HIF-1α target genes lead to cell proliferation and resistance to apoptosis. Indeed, we found HIF-1α level was dramatically induced by KRAS G12V expression while slightly induced by wild-type KRAS expression. HIF- 
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Wang et al proliferation of cells harboring KRAS G12V could be inhibited by combination treatment with cetuximab and PX-478 (an inhibitor of HIF-1α) effectively, but not by either of them when used individually. It has been suggested that PX-478, as a small molecular drug, has potent antitumor activity against a variety of human solid tumors. 30, 31 Also, a study by Jacoby et al demonstrated that addition of the HIF-1α inhibitor PX-478 enhanced the therapeutic efficacy of EGFR inhibitors in an orthotopic human lung adenocarcinoma model, 32 but no indication of this combination therapy in CRC has been reported so far. Clinical CRC samples from patients carrying wild-type KRAS and KRAS G12V mutant were analyzed by immunohistochemistry in our study. We found a significantly higher level of HIF-1α expression in samples with KRAS G12V mutation than that with wild-type KRAS. This result, together with other data from cell culture, suggests that HIF-1α inhibitors might be effective to treat CRC patients carrying KRAS G12V mutation. To this end, we performed colony formation experiments using SW480 cells (KRAS G12V mutation). We found that although no inhibitory effect was observed when used individually, combined treatment with PX-478 and cetuximab dramatically reduced colony formation.
All of the data here strongly indicate that hypoxia or high level of HIF-1α was responsible for cetuximab resistance in CRC patients carrying KRAS G12V mutation. Combination treatment with HIF inhibitors could be an effective strategy to overcome the relative resistance to EGFR inhibition. Further studies in animal models are still needed to confirm this therapeutic strategy.
